protagonists. Size constraints, the desire for ultra low cost and/or disposable platforms, lack of capable design and analysis tools, and unique mission requirements all add to the level of difficulty in creating state-of-the-art small UAVs. This paper presents the results of several small UAV developments, the difficulties encountered, and proposes a list of technology shortfalls that need to be addressed.
I. Introduction
he development of small, highly capable unmanned aerial vehicles (UAVs) requires consideration of the platform, payload, propulsion, and overall mission as an integrated system. As such, the analyses of each of the elements of the system must be able to be considered concurrently. At issue is whether each of these analysis elements have the necessary accuracy and completeness to be used to optimize the final vehicle configuration. Each of the analysis elements and their corresponding problems will be described below. An example from the development activities of the NASA Langley Small Unmanned Aerial Vehicle Laboratory (SUAVELab) will be used to demonstrate each issue. Many of the UAVs being investigated by the SUAVELab involve lightweight electric powered air vehicles. The design process for this class of vehicles is dissimilar to that of larger, fuel-burning air vehicles. In fueled vehicles, a takeoff weight is assumed, an empty weight is estimated based on the takeoff weight, the mission is "flown" computationally, and the weight at end-of-mission is compared to the previously estimated empty weight. A "fuel balance" is performed where weight is added or subtracted from the takeoff weight and the process iterates until a convergence occurs. Since the electric vehicles do not change weight, the primary architecture of the historical design synthesis methodologies are non-useful. An alternate design process was developed for these small, electric powered vehicles and is shown in Figure1.
In the alternate design process, the first step is to assume a takeoff weight. This takeoff weight helps to bound the expected size of the vehicle. In the case of a man-portable UAV, this weight must be limited to what an individual can carry without an undue burden (<2-3lb. maximum). For a hand-launched UAV, the weight must be light enough for an average individual to accelerate the vehicle to its minimum flight speed (<10-12lb. maximum). Once a target weight has been identified, an estimate or assumption is made as to the achievable lift vs. drag ratio (L/D) at the target mission airspeed. The L/D ratio can sometimes be estimated from the performance of similar vehicles when such similarity exists. However, there are few computational methods valid for this class of vehicles owing to limitations in low Reynold's number aerodynamics prediction and limitations in the types of configurations for which empirical flight test or wind tunnel data is available. Given a weight and L/D ratio, the amount of power required for level flight can be assessed for various airspeeds by using the basic equation:
P = DV
(1)
Note that the preceding equation can be used for both straight and level flight and for any flight constraints, such as the power required to turn. For most of the small reconnaissance UAVs, a 2-g turn should be considered a minimum power requirement. Once the basic power required for level flight in cruise is established, a nominal battery size can be established by computing the capacity required for the mission. In addition, a secondary analysis must be run to determine the efficiency with which the propulsion system can produce thrust. This efficiency loss must be added back into the "ideal" current usage to determine a realistic battery size. Once the battery capacity and subsequent weight is computed, it can be compared to the takeoff weight to determine if there is sufficient weight margin remaining for airframe, systems, and payload. In a fashion similar to the fueled aircraft, the process is repeated until a convergence occurs, assuming there is a feasible solution. There can be problematic elements in this analysis, however.
Figure 2. Long-endurance electric UAV design.
At present, there are few computational methods to predict component weights for this class of vehicle. Generally, the components are few enough to use a spreadsheet for simply listing the component weights. Airframe weight is problematic in that although CAD data files can be used to determine some of the weight based on material volume and density, this represents only 50-75% of the actual airframe weight, depending on construction technique used. This is a particularly acute problem for the aircraft in Figure 2 which is designed as a long endurance electric UAV.
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III. Propulsion System Analysis and Selection Issues
Selecting the "optimum" propulsion system (i.e. motor, gearbox, propeller, motor controller, and battery) is crucial for an electric UAV. Additionally, the more stringent the endurance requirement, the more tailored the propulsion system must be to achieve the mission. However, currently available methods for electric propulsion analysis and optimization greatly lag their fueled counterparts. Table 1 shows measured performance data for the propulsion system of the VTOL UAV shown in Figure 3 . The test unit measured the electric motor, gearbox, and propeller system performance using a fixed 11.1V input provided by a power supply. Predicted maximum thrust of the system using a 3-cell lithium-ion-polymer battery, nominally 11.1V, was approximately 10% higher than measured actual. When an actual 3-cell battery pack was used, the measured RPM was 6250, or approximately 16% less than actual, 25% less than predicted. Using a 4-cell li-poly pack only added approximately 10% net thrust, far less than predicted. Clearly this indicates the commonly available analysis methods are not accounting for some type of basic phenomena occurring in the system.
Beyond issues in propulsion performance prediction, there is the issue of system "sizing". In a more traditional aircraft sizing, a "rubber" engine can be used to determine the optimum cycle parameters and constraints such as takeoff field length, P s , and others can be used to determine the overall thrust-to-weight required. In the case of small electric UAVs, the thrust required for takeoff is large relative to the thrust at cruise. Further, the combination of motor, gearbox, and propeller that optimizes static thrust for takeoff is dissimilar to that which minimizes current draw in cruise. Table 2 shows the thrust and current draw for a set of motors under consideration. Note that the last item in the table is a motor, prop, and gearbox optimized for cruise which is wholly inadequate to provide the necessary static thrust for hand launch. A useful invention for this class of vehicles would be an electric motor analogous to a variable cycle engine in the turbine world.
IV. Subsystems and Integration Issues
When developing prototype UAVs, especially those whose purpose is to be "low cost" the traditional approach are to use as many COTS components as possible. Use of these components is not without risk, however. Table 3 shows component failure rates for several types of commonly used components. Note that these failure rates include both electronic failures (where the components fail to function or function erratically) as well as mechanical failures in the gear train or control arms. In addition to component failures, there is a significant risk of incompatibility using COTS components in even moderately complex situations. For example, Figure 4 shows a small, man portable electric UAV. The internal control system of this vehicle is shown in Figure 5 . For this configuration, over 30 combinations of different vendor's electronic speed control, gyro, electronic signal mixer, and servos were tested. Over 60% of the configurations tested had some form of problem consisting of either erratic behavior, jitter, control reset, overheating, or system instability over time. Improvements in avionics reliability, stability, and compatibility are a clear need, particularly in low-cost applications.
In addition to component reliability, other avionics related issues can manifest themselves during development. For example, in the case of smaller UAVs where the avionics are densely packed in close proximity to each other and the propulsion system, EMI and RFI issues can occur. Figure 6 shows the interior of an autonomous UAV. In this instance, protective shielding was used throughout the center and forward bays because of the power levels of the video and command link radio power levels. However, the accidental replacement of a composite pushrod with a metal one created a direct transfer of radio noise to the forward servo and, in turn, to the rest of the avionics. Further testing revealed that many commercially available servos are particularly sensitive to spread-spectrum 900Mhz RF emissions.
Sensor and processing technology is another area where technology improvements could have a potentially significant impact. Most commercially available auto-navigation units are more expensive than a low-cost application can reasonably accommodate, thus precluding their use. Capable units that have both adequate sensors and computational throughput for advanced algorithms should be based, if possible, on commodity hardware to the extent such hardware can fit the application. Sensor technology that can sense drift in a VTOL hover without becoming saturated by vibration noise is another area where research is needed. Low-cost, low-installation penalty American Institute of Aeronautics and Astronautics collision avoidance is another technology need. Transition from analog video downlink to video and command link via commodity digital broadband communications could also provide benefits to commercial users of small UAVs.
V. Conclusion
The development of advanced small UAVs is hampered by a number of technology gaps. These include insufficient analysis methods for low Reynolds number aerodynamics, combined battery-motor-propeller propulsion, control effectiveness estimation, and weight estimation. Significant technology gaps also exist in individual subsystem technologies such as reliable, EMI/RFI resistant avionics/electronics, low-cost autonavigation, and high capacity/low weight battery technology. Unless a significant research effort is undertaken across a broad front, smaller UAVs will continue to have limited application.
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